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We analyze the occurrence of anisotropy in the electronic, magnetic, elastic and transport properties of more than
one thousand 2D materials from the C2DB database. We identify hundreds of anisotropic materials and classify them
according to their point group symmetry and degree of anisotropy. A statistical analysis reveals that a lower point group
symmetry and a larger amount of different elements in the structure favour all types of anisotropies, which could be
relevant for future materials design approaches. Besides, we identify novel compounds, predicted to be easily exfoliable
from a parent bulk compound, with anisotropies that largely outscore those of already known 2D materials. Our findings
provide a comprehensive reference for future studies of anisotropic response in atomically-thin crystals and point to
new previously unexplored materials for the next generation of anisotropic 2D devices.
I. INTRODUCTION
Anisotropy is the characteristic of a material whereby it dis-
plays different physical properties along different directions.
It is intrinsic to the atomic structure and can therefore influ-
ence the electric, magnetic, optical or mechanical response of
a material to an external perturbation. In fact, anisotropic ma-
terials have become increasingly present in modern devices,
finding applications in diverse fields. One paradigmatic ex-
ample of anisotropc material is an optical polarizer, which
is transparent to electromagnetic radiation polarized along a
well defined axis, while blocking or deviating light that is po-
larized along a different direction.
Layered van der Waals (vdW) materials represent an inter-
esting class of naturally anisotropic materials. In vdW ma-
terials, the anisotropy derives from the dispersive nature of
the bonds between the two-dimensional (2D) atomic layers,
which is much weaker than the covalent bonds existing be-
tween atoms within the 2D layers. This intrinsic anisotropy
can be exploited for various applications. For example, in
certain layered materials the interplay between the structural
and electronic properties is so strong that it changes the
iso-frequency surfaces of light from elliptic to hyperbolic1
with fascinating perspectives for sub-wavelength imaging and
radative emission control2,3.
Individual 2D atomic layers are obviously anisotropic due
to the missing third dimension, but they can exhibit in-plane
anisotropy as well. However, the most widely studied 2D ma-
terials — graphene4, hexagonal boron nitride (hBN)5 and the
family of transition metal dichalcogenides (TMDCs)6 — have
in-plane isotropic properties due their highly symmetric crys-
tal structure. Graphene, for instance, has a six-fold rotational
symmetry and three mirror planes, while hBN and TMDCs
such as MoS2 have a 6-fold roto-inversion symmetry with two
a)Electronic mail: lucav@dtu.dk; These authors contributed equally
b)Electronic mail: upeho@dtu.dk; These authors contributed equally
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mirror planes. Such large sets of crystal symmetries turn out
to inhibit any form of anisotropic response.
The prototypical example of in-plane anisotropic 2D mate-
rial is phosphorene7. Phosphorene is obtained by mechanical
exfoliation of black phosphorus down to the monolayer limit,
and exhibits a highly-anisotropic puckered structure, which
differs along the zigzag and armchair direction (as shown in
Fig. 1). This strong anisotropy has motivated a large number
of theoretical and experimental studies of phosphorene, which
have revealed the effect of the structural anisotropy on its elec-
tronic, optoelectronic, electro-mechanical, thermal, and exci-
tonic properties.8–17.
Other notable examples of in-plane anisotropic 2D
materials are TMDCs in the distorted 1T’-phase (such
as WTe21,18–22), titanium trichalcogenides (most notably
TiS323–28), ReS2 and ReSe216,29–32, GaTe33, and pentago-
nal structures such as PdSe234,35. Such materials exhibit
anisotropy in their mechanical, electrical, optical and mag-
netic properties, with intriguing applications for optical de-
vices (such as birefringent wave plate or hyperbolic plasmonic
surfaces), high mobility transistors, ultra-thin memory devices
and controllable magnetic devices among others.
As of today, more than fifty different 2D materials have
been identified and synthesized or exfoliated in monolayer
form36, but they represent only a small fraction of all the
possible stable 2D materials that have been predicted by
computations36,37. It is therefore reasonable to expect that the
above mentioned examples of anisotropic 2D materials will be
soon complemented by additional atomically-thin layers with
highly direction-dependent properties.
Here we take a first step in this direction by presenting an
extensive analysis of the occurrence of in-plane anisotropic
features in the magnetic, elastic, transport and optical proper-
ties of more than 1000 predicted stable 2D materials from the
Computational 2D Materials Database (C2DB)36. We discuss
trends and similarities in the atomic and electronic structure of
anisotropic monolayer materials by classifying them accord-
ing to their point symmetry group, and highlight the most in-
teresting candidates for different applications.
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2After introducing the C2DB database and the criteria used
to assess the stability of the materials in Section II, we ana-
lyze the occurrence of anisotropy in the magnetic easy-axis
direction, elastic response, effective masses and polarizabil-
ity in four separate sub-sections of Section III. We have tried
to make these sections as self-contained as possible so they
can be read independently, with a separate introduction to the
formalism used and the relevant literature for each of them.
We conclude by summarizing the main results in Section IV,
where we highlight the most interesting anisotropic and po-
tentially exfoliable 2D materials identified in the study.
II. OVERVIEW OF THE C2DB DATABASE
The Computational 2D Materials Database (C2DB) is an
open database containing thermodynamic, elastic, electronic,
magnetic, and optical properties of two-dimensional (2D)
monolayer materials36. All properties were calculated with
the electronic structure code GPAW38 using additional soft-
ware packages for atomic simulation and workflows handling
such as the ASE39, ASR40 and MyQueue41. Unless explic-
itly stated, all properties reported in this work were calculated
with the PBE exchange-correlation functional42.
The latest development version of C2DB contains 4262
fully relaxed structures at the time of writing, which are cat-
egorized in terms of their dynamic and thermodynamic sta-
bility. The dynamic stability determines whether a material
is stable with respect to distortions of the atomic positions or
the unit cell, and is established from phonon frequencies (at
the Γ-point and high-symmetry points of the Brillouin zone
boundary) and the stiffness tensor. A material is dynamically
stable only if all phonon frequencies are real and the stiff-
ness tensor eigenvalues are positive. On the other hand, the
thermodynamic stability of a given 2D material is assessed in
terms of its heat of formation and total energy with respect
to other competing phases (taken as the most stable elemental
and binary compounds from the OQMD database43) — also
known as energy above the convex hull36. A material’s ther-
modynamic stability is classified as high if the heat of forma-
tion is negative and the energy above the convex hull is below
0.2 eV/atom.
Materials with high thermodynamic and dynamic stabil-
ity are the most likely to be exfoliated or synthesized in the
lab. Although these criteria are not sufficient to ensure exper-
imental realization, we note that they have been determined
from a detailed analysis of more than 50 already synthesized
monolayers36. We will therefore focus on the subset of highly
stable materials (according to the criteria used in the C2DB)
in the remainder of this work. For further details on the sta-
bility assessment and a complete overview of the C2DB, we
refer the reader to Ref. 36.
As shown by Neumann more than one century ago, the
symmetries of any physical property of a material must in-
clude the symmetry operations of the point group to which
the crystalline lattice belongs44. Fig. 1 provides an overview
of the 1198 thermodynamically and dynamically stable mate-
rials in C2DB grouped according to their point group symme-
try. Some specific examples of materials are shown with their
point group indicated by the color of the frame. The selected
materials represent some of the most interesting anisotropic
2D materials identified in this work and discussed in the fol-
lowing.
From Fig. 1, we make the following general observations:
• Materials with trigonal symmetry, that is, materials
belonging to the point groups -3m, 3m, -3, 3, 32 in
the international notation45, are the most frequently
occurring (33% of the total). These include, among
others, TMDCs in the 1T phase such as HfS246,
group IV monolayers47, hydrogenated graphene (i.e.
graphane48), MXY Janus structures49–51 such as ZrSSe,
and monolayer magnetic materials such as CrI352.
• Monoclinic materials (groups 2, m, 2/m) account for
18% of the total. They include TMDCs in the 1T’
phase, such as WTe253, TiS323,24, and the pentagonal
PdSe234.
• The orthorhombic structures comprise 16% of the total
(groups mmm, mm2). Notable examples are the highly
anisotropic puckered phosphorene (that is, monolayer
black phosphorus7) and puckered arsenene54. We also
point out the ternary compound CrOBr, which is pre-
dicted to be easily exfoliable from the layered bulk
structure37 and whose crystal prototype is largely re-
current in C2DB among orthorhombic structures.
• Triclinic materials (groups 1, -1) account for 13% of the
total. This group include materials with low symme-
try, such as TMDC alloys55,56, the topological insulator
SbI57,58, and other potentially exfoliable materials such
as AuSe.
• 11% of structures have hexagonal point group symme-
try (groups -6m2, 6/mmm). They include TMDCs in the
H phase such as HfSe2, hexagonal boron nitride (hBN),
graphene (which is the only stable representative of the
point group 6/mmm) and other less common structures
possessing 6-fold rotation symmetry such as TiCl3.
• The remaining 8% correspond to tetragonal structures
(groups -42m, 4/mmm) such as ZnCl2, which is pre-
dicted to be easily exfoliable37.
This set of 1198 known or potentially exfoli-
able/synthesizable materials forms the basis for the anisotropy
analysis presented in this work.
III. RESULTS AND DISCUSSION
A. Magnetic easy axis
Magnetic anisotropy is defined in a material as the depen-
dence of its properties on the direction of its magnetization.
The main manifestation of magnetic anisotropy is the exis-
tence of an easy axis, along which it takes the least energy to
3FIG. 1. Overview of the point group distribution of highly stable materials in C2DB, with some examples of corresponding crystal structures.
Each example is accompanied by the crystal structure prototype, which is a label of the form S-n-p with S the stoichiometry, n the space group
number and p the set of occupied Wyckoff positions. The following point groups representing less than 2% of stable materials are omitted in
the Figure: 2 (17%, 20 materials); -3 (0.8%, 8 materials), 3 (0.2%, 2 materials); 32 (0.2%, 2 materials); 6/mmm (0.1%, 1 material).
magnetize the crystal, and a hard axis, where it takes the most.
In order to quantify the degree of anisotropy, the magnetic
anisotropy energy (MAE) is defined, which accounts for the
energy necessary to deflect the magnetization from the easy to
the hard direction. In general, the MAE may have contribu-
tions from different features of a crystal such as strain or de-
fects. In this work we will consider perfect crystals, wherein
only the so-called magnetocrystalline anisotropy, given by the
coupling of the lattice to the spin magnetic moment, con-
tributes to the MAE.
In 2D materials magnetic anisotropy gains a special im-
portance due to the Mermin–Wagner theorem59, which pro-
hibits a broken symmetry phase at finite temperatures. This
means that for a magnetic order to emerge, the spin rotational
symmetry has to be broken explicitly by magnetic anisotropy.
This has attracted a wide interest on the topic in the recent
years, both in the light of new fundamental questions52,60–64
and applications65–69.
In this work we will focus on the in-plane MAE and define
the x and y axes to span the atomic plane of the material. We
then define the in-plane MAE, ∆xy, as:
∆xy = |E(~M ‖ y)−E(~M ‖ x)|, (1)
where E(~M ‖ x) and E(~M ‖ y) are the electronic energies in-
cluding spin-orbit coupling with magnetization parallel to the
x and y axes, respectively.
In Figure 2 we show the distribution of the magnetic mate-
rials in the C2DB database, sorted by their point group sym-
metry and the value of their in-plane magnetic anisotropy ∆xy.
In comparison with Fig. 1, we find a similar landscape once
we filter for ferromagnetic (FM) or anti-ferromagnetic (AFM)
materials, as shown in Fig 2a. This indicates that being mag-
netic or not is not strongly correlated to the point group, but
to the presence of magnetic atoms in the structure. However,
once anisotropy comes into play we do observe, in Fig 2b,
important structural features that condition it. In fact, one
4FIG. 2. a) Distribution of predicted stable magnetic materials (FM or AFM) from the C2DB database grouped according to their point group
symmetry. The percentage of materials represented by each point group and their number of occurrences in the database is explicitly shown,
except for those point groups representing less than 3% of materials. Panels (b) and (c) show the distribution of magnetic materials in the
database with a low (0.005 meV/unit cell) in-plane magnetic anisotropy (MA) threshold. The main chart in (b) shows the distribution of the
materials above the threshold, while the orange bin in the inset represents all magnetic materials below the threshold for comparison. Panels
(d) and (e) show the distribution of the materials with a high MA (>0.7 meV/unit cell). In (e) the materials are sorted by the size of their MA
and their magnetic state is indicated by the font color (green for FM, purple for AFM). The marker color corresponds to the signs of ∆zx and
∆zy: empty marker with blue edge for ∆zx < 0 and ∆zy < 0 (out-of-plane easy axis) and full orange if any of the two is above 0 (in-plane easy
axis).
5can expect a magnetic easy axis to appear in the direction
where magnetic atoms are packed more loosely, creating an
anisotropy in the magnetic properties. For example, as we
set a very low (0.005 meV/unit cell) threshold for ∆xy, all
hexagonal and tetragonal point groups vanish and only point
groups not restricting the in-plane perpendicular directions by
symmetry hold an in-plane magnetic anisotropy. Another fea-
ture we observe from Figure 2c, is the prevalence of the or-
thorhombic (mmm) and, to a lower degree monoclinic (2/m),
systems with crystals of mmm point group symmetry repre-
senting over 35% of the materials with a low ∆xy threshold.
When we increase the ∆xy threshold to 0.7 meV/unit cell we
see that the trend is enhanced: mmm dominates with half of
the materials and 2/m comprises a third of the materials (Fig-
ure 2d). The materials above this threshold are classified and
sorted according to their anisotropy in Figure 2e. We see that
both FM and AFM magnetic orders are equally represented,
indicating little influence of the type of magnetic order on the
anisotropy. In Figure 2e we also show the direction of the
magnetic easy axis, indicated by a full orange marker if it lies
within the plane and an empty blue one if it is oriented out-of-
plane. It is clear that most of the selected anisotropic materials
indeed present an in-plane easy axis.
Among the 113 materials with ∆xy>0.005 meV/unit cell
we find that the ternary compound structure prototype of or-
thorhombic symmetry ABC-59-ab36 is the most frequently oc-
curring with 47 entries (see CrBrO in Fig. 1 for an example of
this structure). The main reason for this might be the men-
tioned lack of symmetry between the x and y directions in the
plane, along with the fact that it is more likely to contain a
magnetic atom due to its ternary nature (most other crystals
in C2DB are binary). To the best of our knowledge, materials
from this class have not been produced in monolayer form, but
we note that several of them are listed as easily exfoliable in
Ref 37, e.g. CrOBr, CrOCl, CrSBr, FeOCl, VOBr and VOCl.
The monoclinic T’ phase of transition metal dichalcogenides
occurs 15 times, followed by the trigonal MoS270 type with
10 occurrences.
We also cross-checked the rest of our selected anisotropic
materials against the list of exfoliable 2D materials in Ref 37.
We found, out of the 113 materials with ∆xy>0.005 meV/unit
cell, over 20 materials whose stoichiometry match entries in
the list of exfoliable materials. Among these, perhaps the most
promising material with regard to a potential experimental re-
alization is the AFM T’ di-halide V2I4, which lies at the con-
vex hull according to the C2DB database36. V2I4 shows an in-
plane magnetic easy axis and ∆xy = 1.09 meV/unit cell, that
competes with the highest out-of-plane anisotropies known
to date63. In addition, we find several materials that are
only a few meV above the convex hull and show remarkably
high anisotropies. Among these the AFM Ni2I4 compound
stands out with an exceptional in-plane anisotropy of over 20
meV/unit cell and an in-plane easy axis. Other materials in
the same stability category, such as Ni2Br4, Co2O4 and CrBr2,
also show large |∆xy| values and are listed in Table I.
Sym. Mag. Ehull(meV)
Lowest Ehull
monolayer? |∆xy|(meV/unit c.)
Cr2Br4 P21/m FM 54.4 No 0.79
Co2O4 C2/m FM 7.1 No 0.94
V2I4 Pm AFM 0.0 Yes 1.09
Ni2Br4 P3¯m1 AFM 8.8 No 1.55
Ni2I4 C2/m AFM 10.3 No 20.40
TABLE I. Monolayers predicted stable and with the highest in-plane
magnetic anisotropy in the C2DB database and in-plane magnetic
easy axis, whose stoichiometry matches that of entries in the list of
easily exfoliable 2D materials in Ref 37. The table shows the chem-
ical formula, the space group symmetry, energy above the convex
hull, magnetic state and in-plane magnetic anisotropy.
B. Elastic response and auxetic effect
The elastic response of 2D materials to strains and defor-
mations is usually expressed in terms of the Young modulus
E and Poisson ratio ν71,72. The former measures the response
along a direction that is parallel to the applied strain, while
the latter describes how the material reacts along orthogonal
directions. For anisotropic materials, both the Young modu-
lus and the Poisson ratio depend on the directions of stresses
and strains. Assuming that the 2D material lies in the xy plane,
and neglecting the elastic response along the out-of-plane axis
z, we will denote the axis-dependent Young modulus with Ei,
i = {x,y}. Similarly, the coefficient relating the stress along
the i axis to an applied strain in the perpendicular j direction
will be quantified by the Poisson ratio νi j, with i 6= j.
More generally, the elastic response of a continuous 2D
medium is quantified in terms of the 2D stiffness tensor C,
which is a linear map between the strain tensor ε and the stress
tensor σ73:
σi j =∑
kl
Ci jklεkl . (2)
Here we have i = {x,y}, since we restrict to in-plane stresses
and strains. A generic matrix element σi j represents the i
component of the stress acting on a plane perpendicular to
the j direction, while the strain components εi j are given by
εi j = (∂iu j + ∂ jui)/2 in terms of the infinitesimal deforma-
tions ui.
Being a linear map between two 2nd rank tensors, the stiff-
ness tensor is naturally a 4th rank tensor. However, one can
make use of the symmetric properties of both σ and ε at
equilibrium to write both of them as one-dimensional vectors,
namely
σ˜ = (σxx,σyy,σxy)T := (σ1,σ2,σ3)T , (3)
ε˜ = (εxx,εyy,2εxy)T := (ε1,ε2,ε3)T . (4)
Such a notation is often called Voigt notation. Then, the stiff-
ness tensor becomes a 2nd rank symmetric tensor with only 6
independent components,
σ˜ =
C11 C12 C13C12 C22 C23
C13 C23 C33
 ε˜. (5)
6We will restrict the following analysis to the class of or-
thotropic materials, that is, materials having three mutually-
orthogonal planes of reflection symmetry. In such a case, the
stiffness tensor takes the form
C =
C11 C12 0C12 C22 0
0 0 C33
 . (6)
In practice, this means that we restrict attention to materi-
als where the shear deformations εxy are decoupled from xx
and yy stresses. This allows us to straightforwardly relate the
components Ci j of the stiffness tensor to the in-plane Young
modulus Ei and in-plane Poisson ratio νi j via the following
relations:
Ex =
C11C22−C212
C22
, (7a)
Ey =
C11C22−C212
C11
, (7b)
νxy =
C12
C11
, (7c)
νyx =
C12
C22
. (7d)
In C2DB, each component of the 2D stiffness tensor is cal-
culated by straining a material along a given direction (x or y)
and calculating the forces acting on the unit cell after relaxing
the position of the atoms within the fixed unit cell36. To re-
strict to orthotropic materials only, we have discarded all ma-
terials whose stiffness tensor components C13 or C23 exceed
a certain tolerance Cmax, which we set to Cmax = 0.01 N/m.
With this method, we have obtained a subset of 555 materials
(roughly 50% of all the stable materials) that we analyze in
the following.
In Fig. 3a we show an overview of the direction-dependent
Young modulus for all orthotropic and stable materials in
C2DB. The quantity Ey is plotted against Ex, which means that
all data point lying outside the diagonal represent a material
with anisotropic elastic properties. Well known anisotropic
structures such as WTe2, PdSe2, TiS3, P4 and As4 are all
identified by this method, while hundreds of unexplored
anisotropic materials are predicted as well. In Fig. 3b we use
a similar method to show the anisotropy of the Poisson ratio
νxy against νyx. While this does not add much information
with respect to panel a — since Ex/Ey = νyx/νxy, as one can
easily infer from Eqs. 7 — we notice that Poisson ratios can
also take negative values, differently from the Young modu-
lus. In such a case, a material stretched (or compressed) along
the x direction will also expand (shrink) along the perpendicu-
lar y direction, a quite counterintuitive property called auxetic
behavior71,74. We will investigate such cases in more detail in
the following.
To describe elastic anisotropy in a more quantitative man-
ner, we define an elastic anisotropy degree (or anisotropy pa-
rameter) for each material as
δE =
|Ex−Ey|
Ex+Ey
. (8)
Such a parameter will be always bounded between 0 and 1,
with δE = 0 signifying a perfectly isotropic materials while
δ ≈ 1 for an extremely anisotropic medium.
In Fig. 3c we show the distribution of the elastic anisotropy
degree for all materials having δE ≥ 0.05 (corresponding to a
difference of at least 10% between x and y Young modulus),
with the inset showing the full distribution including materials
with δE < 0.05. We notice that more than one third of the se-
lected materials (201 out of 555) show an elastic anisotropy
exceeding this threshold value, while 162 of them exceed
the value δE = 0.1 (signifying a difference of roughly 20%
or more between Ex and Ey) and 32 of them show a highly
anisotropic elastic behaviour with δE ≥ 0.4.
The distribution of point groups corresponding to different
threshold value for δE is shown as a series of pie charts in Fig.
3d. On the left, we plot the distribution of point groups for
all 555 selected materials. A comparison with Fig. 1 shows
that our choice of selecting only orthotropic materials tends to
favor orthorhombic structures (especially group mmm) with
respect to trigonal ones, while the proportions between re-
maining point groups remain basically unaffected. However,
when selecting all materials with at least 10% of difference
between Ex and Ey (δE ≥ 0.05, in the middle), the proportions
change drastically, with all trigonal and hexagonal groups sup-
pressed in favor of orthorhombic and monoclinic structures.
This shows that symmetric crystal structures such as the ones
of TMDCs in the H and T phase, graphene and hBN are gen-
erally isotropic, with little difference in the elastic proper-
ties along x and y directions. On the other hand, TMDCs in
the distorted T’ phase (such as WTe2), pentagonal structures
(PdSe2) and puckered layers (phosphorene) stand out for their
markedly anisotropic elastic properties due to their asymmet-
ric crystal lattice.
When restricting to highly anisotropic materials having
δE ≥ 0.4, monoclinic and orthorhombic structures share ex-
actly 50% of the total each. The Young moduli of these 32
structures are plotted in the top panel of 4, sorted from low-
est to highest value of δE . Besides known structures such
as phosphorene (P4) and puckered arsenene (As4), we find
many new stable structures with exceptionally high elastic
anisotropy. Four out of the first six materials are compounds
of the form CrX2 (with X a halogen element) in both the
AFM and FM magnetic state, which also stand out for their
markedly anisotropic magnetic behavior as described previ-
ously. These are, however, not the most stable structures with
the same constituent elements, since they all have a compet-
ing phase of the form CrX3 with a more favorable formation
energy (one of them is shown in Fig. 1). However, this is not
the case for the monoclinic structures AuSe and AuTe, which
represent the most stable phase of their respective elements.
One of them (AuSe, which is shown in Fig. 1 as well) has
also been identified as an easily exfoliable materials by inde-
pendent work of Mounet et al.37, making this one of the most
appealing material for anisotropic elastic applications found
in this work. We also note that puckered compounds GeS and
GeSe seem also to be easily exfoliable from their respective
three-dimensional parent structures, which is again confirmed
in the literature37.
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Poisson ratios along opposite directions, respectively. In panel (a), some known anisotropic materials are highlighted in orange, while in
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Finally, it is worth mentioning the presence of several en-
tries in the structural prototype ABC-59-ab (especially Hf- and
Zr-based compounds), whose relevance has already been dis-
cussed in the previous section. We note that Ref. 37 lists
HfNBr, ZrNBr and ZrNI as easily exfoliable layered ma-
terials. We find a relatively low elastic anisotropy degree
δE = 0.07 for ZrNI, but we suggest that materials with much
higher elastic anisotropy such as HfBrX and ZrBrX (with X =
S, Se) should in principle be available by susbtitution of Ni-
trogen with an element from the halogen group.
Let us now come back to the subset of materials show-
ing a negative in-plane Poisson ratio, that is the ones high-
lighted with red markers in Fig. 3b. The auxetic effect is
not necessarily associated to anisotropy as both Poisson ra-
tios νxy and νyx can take negative values without necessarily
being different from each other. Indeed, such an effect does
not originate from the material having a different elastic re-
sponse along orthogonal axes, but rather from the presence
of special re-entrant structures or rigid blocks linked by flex-
ible hinges in the crystalline structure, that can compress or
extend in counter-intuitive fashions. Nevertheless, our frame-
work allows for the systematic search of novel 2D materials
with negative Poisson ratio, which itself is an active field of
research74. Moreover, Poisson ratios of anisotropic materials
can take arbitrarily large values (positive or negative), differ-
ently from ordinary isotropic media75.
In the bottom panel of Fig. 4 we plot the Poisson ratios
of the 31 stable materials in C2DB showing auxetic behavior,
sorting from lowest to highest absolute value of max(νxy,νyx).
The largest negative Poisson ratio is found for TiCl3 in the
hexagonal crystal structure (shown in Fig. 1), with both AFM
and FM magnetic configurations. Once again, this is not
the most stable phase for such a compound, which reaches
the lowest energy configuration when arranged in a trigonal
phase, in the same crystal prototype as the ferromagnetic in-
sulator CrI352.
There are several interesting candidates among the mate-
rials with tetragonal structure. In particular, materials with
stoichiometry AB2 in point group -42m, such as the case of
ZnCl2 shown in Fig. 1, represent a large majority of stable
auxetic materials in C2DB. Notable examples are metal di-
halides involving Co, Mn, or Fe as the metallic element. Such
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FIG. 4. Top: Materials with highly anisotropic Young modulus δE ≥ 0.4, sorted from lowest to highest δE. Bottom: Materials with negative
Poisson ratio, sorted from lowest to highest value of max(−νxy,−νyx). Green (purple) labels indicates ferromagnetic (antiferromagnetic)
materials.
materials are all exfoliable from a 3D parent compound with
trigonal point group37, but their tetragonal phases generally
have total energies that are comparable or even lower than the
trigonal monolayer phase (which is also present in C2DB).
A second notable example is given by group 12 di-halides
involving Zn, Cd, and Hg, for which the tetragonal auxetic
structure turns out to be the most stable phase. Interestingly,
both HgI2 and ZnCl2 are reported as easily exfoliable mate-
9rials by Mounet et al.37, making these two materials very ap-
pealing candidates for novel auxetic 2D materials. We also
note that MnTe, AgBr, and GeO2 all seem to have total ener-
gies very close to the convex hull, and thus also belong to the
set of predicted stable auxetic monolayers.
Let us note that a significant majority of known auxetic 2D
structures display negative Poisson ratio in the out-of-plane
direction76–80, while only very few materials were previously
predicted to exhibit in-plane auxetic response81,82. Ref. 81
reports negative Poisson ratio for monolayers of groups 6–7
transition-metal dichalcogenides (MX2 with M=Mo, W, Tc,
Re and X=S, Se, Te) in the 1T-phase. We do find a negative
νxy in C2DB for all of them, but they have low dynamical and
thermodynamical stability, and therefore are not identified by
our analysis.
C. Effective masses
Monolayer 2D materials with a finite band gap can
display large anisotropies in the effective masses along
two orthogonal directions. This makes them appeal-
ing for highly directional-dependent transport, with appli-
cations in anisotropic field-effect transistors, polarization-
sensitive detectors and non-volatile memory devices among
others12,26,29,30,32,33.
In C2DB, effective masses for conduction and valence
bands are calculated for all materials having a finite band gap
greater than 0.01 eV at the PBE level. We define the effective
mass, m, from the curvature, a, at the band maximum (min-
imum) for valence (conduction) bands as m = 1/2a. To de-
termine the curvature we start from a self-consistent ground
state calculation performed at a k-point density of 12 Å−1.
From these k-points a preliminary band extremum is found
and a second, non-self-consistent calculation is performed
with higher density of k-points centered around the prelimi-
nary extremum. Then, from these values a final extremum is
determined and the energies for a number of k-points spaced
very closely around the extremum are calculated non-self-
consistently. The k-points used for the first refinement step
are by default chosen to lie in a sphere around the extremum
with a radius of 250 meV (for a mass of 1) and the same num-
ber of k-points as the original calculation (but at least 19). The
last refinement uses a 1 meV sphere and 9 points. The points
calculated in the final refinement step are used to determine
the curvature. We first do a fit to a second order polynomial to
determine a preliminary extremum. Then we perform a fit to
a third order polynomial and find the new extremum, unless
the optimization algorithm diverges (as may happen for third
order polynomials) in which case we revert to the original fit.
We have found that the third order polynomial fit does provide
an improvement to the description of the band extremum and
in some cases is necessary, e.g. in the presence of parabolic
bands crossing as in Rashba splitting. From the fit we find
the curvature a at the extremum and the mass is calculated as
m= 1/2a.
To measure the presence of anisotropic effects in the effec-
tive masses, we define the parameters
δme =
|m(e)x −m(e)y |
m(e)x +m
(e)
y
, (9a)
δmh =
|m(h)x −m(h)y |
m(h)x +m
(h)
y
, (9b)
where:
• m(e)i is the effective electron mass calculated along the i
direction around the conduction band minimum;
• m(h)i is the effective hole mass calculated along the i
direction around the valence band maximum.
Unfortunately, getting a very accurate value for the effective
masses in a fully automated fashion turns out to be a quite
challenging task, with some fits being not accurate enough,
or picking a wrong sign for the electron or hole mass in
the case of a particularly heavy effective mass. We there-
fore remove all materials having m(e/h)i ≥ 20me, with me the
free electron mass, and materials with extremely high ratio
m(e/h)i /m
(e/h)
j ≥ 20. We stress that these threshold values are
arbitrary. They have been primarily chosen so that we discard
all wrong results, while also keeping the highly anisotropic
materials with accurate results into the analysis as much as
possible.
The C2DB database contains 607 dynamically and thermo-
dynamically stable materials with a PBE band gap greater than
0.01 eV, of which 115 fall outside the range of validity de-
scribed above. This leaves us with a total of 492 materials,
whose effective electron and hole masses are shown as a scat-
ter plot in Fig. 5a and 5b. We find a rather large set of materials
with anisotropic effective masses, as one can immediately no-
tice from the large number of points falling outside the main
diagonal. Indeed, as shown in Fig. 5c, 61% of the selected
materials (301 out of 492) show a difference of at least 10%
between electron effective masses, while 53% of them (261
out of 492) have at least 10% of difference between hole ef-
fective masses. Moreover, a quite large fraction of materials
have extremely high values of δme or δmh as compared with
the case of elastic anisotropy in Fig. 3c.
When considering the distribution of point groups for ma-
terials with effective masses anisotropy, a quite different be-
havior with respect to previous cases emerges. First, as shown
in the left column of Fig. 6, let us notice that the restriction
to semiconductors with a band gap of at least 0.01 eV re-
moves many structures in the orthorhombic (mmm) and mon-
oclinic (2/m) groups, while favoring structures with trigonal
(-3m, 3m) and hexagonal (-62m) symmetry with respect to the
general case shown in Fig. 1. More importantly, we notice
that these structures are not filtered out even when we select
materials with increasingly high effective masses anisotropy
(δme(mh) ≥ 0.05 in the middle, δme(mh) ≥ 0.7 on the right).
This means that, despite their structural symmetry, materials
such as TMDCs in the T and H phase and Janus structures
display a quite strong anisotropy in the effective masses. One
should bear in mind that we only calculate the curvatures of
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FIG. 5. Distribution of the effective masses in C2DB. In panels a) and b) we show the effective mass along direction 2 against the effective
mass along direction 1 for conduction and valence bands respectively, where direction 2 is always chose to be the heaviest one. Effective
masses are plotted in units of the free electron mass me. Panel c) shows a distribution of the anisotropic degrees δme (δmh) for the such cases
where δme (δmh) is greater than 0.05. Panel d) shows, from left to right, the distribution of δme (δmh) in terms of point group symmetry for
three different threshold values of 0, 0.05, and 0.7 respectively.
valence and conduction bands in one particular valley. While
these are not bound to symmetries of the crystal, the overall
transport properties (such as, for instance, the mobility) are
determined by adding up contributions from all valleys, which
in the end cancels out any anisotropic effect and restores the
Neumann principle. However, it’s worth noting that transport
properties of a single anisotropic valley should in principle
be accessible in experiments with valley-selection techniques
such as circularly polarized optical excitation and gating83–85
For the case of electron effective masses, we find that 65
stable materials have a rather high anisotropy degree δme ≥
0.7. While this group is dominated by monoclinic structures
in the 2/m point group (mostly TMCD in the distorted T’
phase) we find a rather large set of triclinic structures which
sum up to roughly one third of the total, and a significant
14% of share for hexagonal structures. The situation is differ-
ent for the case of hole effective masses, where orthorhombic
structures represent a 34% of the 50 materials with δmh ≥ 0.7.
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However, we still find that 22% of structures are in a trigonal
point group as well.
We have reported all the 105 structures with δme or δmh
greater that 0.7 in Fig. 6, with 10 of them having both param-
eters above the threshold value. Among this group, we no-
tice a recurrent presence of Hafnium, Bismuth and Antimony-
based Janus structures, and Chromium based compounds (es-
pecially Chromium halides, which also bear elastic and mag-
netic anisotropy). Most importantly, we find six materials
that have already been exfoliated down to monolayer thick-
ness in experiments, including four Hafnium and Zirconium-
based TMDC in the stable T phase. We also point out
the presence of monolayers SbI3, BiClTe, SbITe, and some
ternary compounds in the crystal prototype ABC-59-ab (point
group mmm) such as CrBrS, CrBrO, and CrClO, which all
seem to be easily exfoliable from the layered 3D parent bulk
structure37.
A list of experimentally available or easily exfoliable mate-
rials with highly anisotropic effective masses is presented in
Table II, where we also report three experimentally available
materials having 0.5 ≤ δme/mh ≤ 0.7 (namely TiS3, SnSe2,
GaTe). We also include additional structures that can be ob-
tained from this subset by replacing a constituent element
with atoms from the same group. This a relevant case for
Janus monolayer, which can be obtained from already avail-
able structures by stripping off an outer layer of chalcogen
atoms and substituting them with an element from the same
family49. A similar method is likely to be applicable to halo-
gen and chalcogen atoms in ternary orthorhombic compounds.
For each entry of Table II, we have double-checked the accu-
racy of the parabolic fit.
D. Polarizability
The polarizability of a material relates the induced electric
dipole moment density to an applied electric field to linear
order.95. For 2D materials, this relation takes the form:
P2Di (~q,ω) =∑
j
α2Di j (~q,ω)E j(~q,ω) (10)
where P2D is the induced polarization in the material averaged
over the area of the unit cell, E(~q,ω) is the the applied electric
field, and α2D is the polarizability.36.
In general, the polarizability can be split into a contribu-
tion from the electrons, αei j(~q,ω), and a contribution from the
lattice, α lati j (~q,ω). Since the characteristic response time of
the electrons is much faster than that of the lattice, the rele-
vance of the two contributions depends on the timescale of the
considered problem. For optical processes involving electro-
magnetic waves with frequency well above the characteristic
phonon frequency of the lattice, only the electronic polariz-
ability is relevant and we can write αi j(~q,ω)≈ αei j(~q,ω). On
the other hand, for processes involving infrared light, the lat-
tice response must be considered as well and can in some case
even dominate the electronic response.
The polarizability determines the degree of dielectric
screening in a material and as such it sets the strength
material pointgroup δme δmh Ref. (exp.)
exfol.
from bulk
W2Se4 2/m 0.07 0.88 Ref. 86
HfSe2 -3m 0.85 0.00 Ref. 87 yes
Ti2CO2 -3m 0.83 0.00 Ref. 88
ZrSe2 -3m 0.81 0.00 Ref. 89 yes
HfS2 -3m 0.81 0.00 Ref. 46 yes
Re4Se8 -1 0.80 0.30 Ref. 30 yes
SnS2 -3m 0.50 0.78 Ref. 90 yes
ZrS2 -3m 0.75 0.00 Ref. 91 yes
PbI2 -3m 0.00 0.72 Ref. 92 yes
Ti2S6 2/m 0.60 0.52 Ref. 23 yes
SnSe2 -3m 0.55 0.00 Ref. 93 yes
Ga2Te2 -6m2 0.51 0.37 Ref. 94 yes
CrBrS (AFM) mmm 0.89 0.94 yes36,37
CrBrS (FM) mmm 0.85 0.84 yes36,37
CrBrO (AFM) mmm 0.37 0.84 yes36,37
CrClO (AFM) mmm 0.83 0.79 yes36,37
CrBrO (FM) mmm 0.25 0.83 yes36,37
CrClO (FM) mmm 0.45 0.81 yes36,37
I6Sb2 -3m 0.01 0.80 yes36
Au2Se2 2/m 0.65 0.26 yes36,37
material pointgroup δme δmh
obtainable via
substitution
CrBrSe (AFM) mmm 0.94 0.92 from CrBrS37
CrIS (FM) mmm 0.93 0.73 from CrBrS37
BrSbSe 3m 0.90 0.13 from ISbTe37
CrISe (AFM) mmm 0.89 0.80 from CrBrS37
CrBrSe (FM) mmm 0.88 0.88 from CrBrS37
CrIS (AFM) mmm 0.79 0.53 from CrBrS37
CrIO (FM) mmm 0.08 0.79 from CrBrO37, CrClO37
HfSeTe 3m 0.79 0.01 from HfS246, HfSe287
HfSTe 3m 0.78 0.00 from HfS246
ZrSSe 3m 0.75 0.00 from ZrS291, ZrSe289
CrIO (AFM) mmm 0.15 0.58 from CrBrO37, CrClO37
TABLE II. List of experimentally available or easily exfoliable ma-
terials with high anisotropy in the effective electron or hole masses.
The list includes materials that can be obtained from available or ex-
foliable compounds by chemical substitution of one or more atomic
species.
of Coulomb interaction between charged particles96,97. It
thereby governs several of the unique properties that made
2D materials famous over the last decade4,6,98 including ex-
citons, plasmons, and band gap renormalization effects99. In
this context, the in-plane anisotropy of 2D materials has at-
tracted significant interest since the synthesis of few-layer
black phosporous (P4) in 20147,9,100. For example, the
anisotropic optical absorption (essentially the imaginary part
of the electronic polarizability) makes the material act as a
linear polarizer101, which finds applications in diverse fields
such as liquid-crystal displays, medical applications, or opti-
cal quantum computers102,103. In addition, other fundamental
properties, such as the electron-phonon coupling and electron-
hole interactions, are influenced by an anisotropic polariz-
ability resulting in formation of quasiparticles, e.g. polarons,
excitons, trions, with unconventional shapes and dispersion
relations.101,104–109.
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FIG. 6. Materials with highly anisotropic effective masses δme ≥ 0.7 or δmh ≥ 0.7, sorted from highest (top left) to lowest (bottom right)
value of max(δme,δmh). Green (purple) labels indicates ferromagnetic (antiferromagnetic) materials.
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In the C2DB the electronic polarizability is calculated
within the random phase approximation (RPA)110,111 using
PBE wave functions and eigenvalues, see Ref 36 for further
details. To keep the discussion general we focus here on the
polarizability in the static (ω = 0) and long wavelength (q= 0)
limits. As a measure of the degree of anisotropy we adopt the
δ parameter defined above and define
δα p =
|α px −α py |
|α px |+ |α py | , (11)
with p = {e, lat} for the electronic and lattice polarizability
respectively.
In figure 7 panels (c) and (d) we show the statistical
distribution of the materials with electronic polarizability
anisotropy above 0.005 and 0.4, respectively. For reference,
the distribution of all the materials for which the polarizabil-
ity has been calculated is shown in panel (a), and the materials
are classified according to point group symmetry as usual. As
the threshold is increased we see the same trend as for the
magnetic, elastic, and effective masses anisotropies, namely,
the orthorhomic mmm point group followed by the mono-
clinic 2/m becomes increasingly dominant. Both the trigonal
and tetragonal phases disappear from the distribution already
for δαe >0.005. The othorhombic mmm group is particularly
ubiquitous among the materials with high δαe , surpassing 70
% of the remaining materials already at a moderate thresh-
old of δαe > 0.4. In figure 7e we show the materials with
the largest anisotropies found in the range δαe > 0.7. We
note that our analysis correctly identifies the known in-plane
anisotropic compounds such as P47 (phosphorene), As454 (ar-
senene), MoS2 (in the T’ phase) and WTe253 among others.
The materials with the highest δαe are ternary compounds
and therefore more challenging to realize experimentally than
the more common binary 2D materials. However, several of
the materials with large δαe have been previously predicted
to be exfoliable from known parent bulk materials37. Among
our anisotropic materials that match the stoichiometry of the
materials listed in 37 as easily exfoliable, the most promising
of these are listed in Table III.
Sym. Ehull(meV)
Lowest Ehull
monolayer? δαe
W2Se4 P21/m 91.7 No 0.47
Zr2I4 P21/m 0.0 Yes 0.51
Mo2Se4 P21/m 109.4 No 0.54
Zr2Cl4 P21/m 31.9 No 0.60
Ti2Cl4 P21/m 0.0 Yes 0.65
W2S4 P21/m 177.9 No 0.82
TABLE III. Monolayers with the highest in-plane electronic polariz-
ability anisotropy (δαe ) in the C2DB database whose stoichiometry
matches that of the entries predicted to be easily exfoliable from a
known layered bulk material in Ref. 37. Their space group symme-
try, energy above convex hull, magnetic state, and in-plane electronic
polarizability anisotropies are listed.
We highlight two easily exfoliable materials from Table
III that have δαe>0.65 and δαe>0.5, respectively: Ti2Cl4 and
Zr2I4. We stress that δαe = 0.65 implies that the polarizabil-
ity in one direction of the plane is 4.7 times larger than in
the other direction. Consequently, these materials are very
promising candidates for anisotropic optical applications such
as light polarizers.
The lattice or infrared polarizability α lat has been calcu-
lated for only about 10 % of the materials in the C2DB. Hence
we will limit our analysis to extracting the most promising in-
dividual materials, since a statistical analysis would not be
representative of the real distribution of the materials in the
database. In Figure 8 we show all 16 materials with δα lat >0.2.
As it is the case with the rest of properties, we find several ma-
terials with a significant anisotropy. For instance, the mono-
layer Sn2Te2 has a δα lat value 0.45, is at the bottom of the
convex hull combining Sn and Te among monolayers and is
considered to be easily exfoliable37. This makes it a very
interesting material for further experimental and theoretical
exploration. We find other materials whose stoichiometry
matches easily exfoliable entries in Ref. 37 among those with
δα lat >0.25, and are listed in Table IV. Taking into account that
these promising materials are selected among only a little frac-
tion of the entire C2DB database, we anticipate that there are
a large amount of promising infrared anisotropic materials in
the database yet to be discovered.
Sym. Ehull(meV)
Lowest Ehull
monolayer? δα lat
Sn2S2 Pmn21 42.6 No 0.26
Sn2Se2 Pmn21 42.9 No 0.38
Sn2Te2 Pmn21 62.9 Yes 0.45
ZrI2 P6¯m2 27.0 No 0.46
Ge2Se2 Pmn21 24.9 No 0.50
TABLE IV. Stable materials with the highest in-plane infrared po-
larizability anisotropy in the C2DB database whose stoichiometry
matches that of entries in the easily exfoliable 2D materials list in
Ref 37. Their space group symmetry, energy over the hull minimum,
magnetic state and in-plane infrared polarizability anisotropies are
given.
IV. CONCLUSIONS
In this work, we have analyzed the presence of anisotropic
behavior among more than one thousand 2D materials pre-
dicted to be stable in the C2DB database36. Specifically, we
have identified materials with (in-plane) magnetic anisotropy,
anisotropic Young’s modulus and/or negative Poisson ratio,
anisotropic effective masses, and anisotropic polarizabilities.
Consistent with the Neumann principle, we have found that
there are two main features in the C2DB database that favour
anisotropy, namely (i) a lower symmetry and (ii) a larger num-
ber of constituent elements. In addition, our analysis satis-
factorily captures the specific symmetry requirements of each
anisotropy type: elastic and polarizability anisotropies, de-
rived from second order tensors, are forbidden for trigonal,
tetragonal or hexagonal compounds; the magnetic anisotropic
materials do not include hexagonal and tetragonal groups,
and the effective mass anisotropy is allowed for all symme-
try groups in the database. Several of the materials identi-
14
FIG. 7. a) Distribution of materials predicted to be stable in the C2DB database, according to their point group and their in-plane optical
polarizability anisotropy. The percentage of materials represented by each point group and their number of occurrences in the database is
explicitly shown, except for those point groups representing less than 3% of materials. In b) and c), classification of materials in the database
with a low (δαe>0.005) in-plane optical polarizability anisotropy threshold; in a histogram according to their degree of anisotropy in b), and
in a pie chart according to their point group in c). The main chart in b) shows the distribution of the materials above the threshold, while in
the inset an orange bin represents all materials below the threshold. In d) and e) the materials with a high anisotropy are classified. In d) a
threshold of δαe>0.4 is set. In e) the materials over a threshold of δαe>0.7 are sorted by their anisotropy, and their magnetic state is indicated
by the font color (green for FM, purple for AFM).
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FIG. 8. Materials in the C2DB database with high infrared polarizability anisotropy (δα lat >0.2) predicted to be stable.
fied in this study outperform the known 2D materials in terms
of anisotropic figures of merit and are predicted to be stable
and/or exfoliable from known parent bulk crystals37, provid-
ing useful guidelines for future experimental investigations.
The most prominent material class resulting from our
analysis is the ternary orthorhombic compound prototype
ABC-59-ab36. This material class combines three different
atomic species in a low symmetry structure, often resulting in
strongly anisotropic properties. To the best of our knowledge,
such materials have not yet been isolated in monolayer form,
but experimental efforts in this direction could hopefully be
motivated by our work.
We find several binary monolayers with interesting
anisotropic behaviors that are predicted to be stable and in
some cases even predicted as easily exfoliable. A transition
metal (in particular Ni, V, Cr, Os) combined with a halide in
a low symmetry structure appears to be the best recipe for
obtaining in-plane magnetic and elastic anisotropy. For in-
stance, VI2 is an exfoliable and very stable compound with
an in-plane magnetic anisotropy that competes with the high-
est out-of-plane anisotropies known to date. Moreover, there
are multiple compounds with large predicted anisotropies, that
match the stoichiometry of exfoliable materials and with sim-
ilar total energies. Such materials could be stabilized under
the right experimental conditions. Among them, we highlight
anti-ferromagnetic Ni2I4, which has an exceptional in-plane
anisotropy exceeding 20 meV/unit cell, that makes it a candi-
date for realization of high temperature in-plane 2D antiferro-
magnetism. Likewise, the chromium di-halides stand out for
their markedly anisotropic behavior in the elastic response and
effective electron and hole masses. Among the non-magnetic
materials, we identify AuX (X=S, Se, Te) as a new class of
potentially stable 2D materials with high anisotropy in sev-
eral physical properties, with AuSe being reported as easily
exfoliable in the literature.
On the other hand, transport properties of a single valley
deserve to be mentioned separately, as they do not seem to be
bound to the symmetries of the crystal lattice and could be ex-
perimentally accessed by means of circularly polarized light.
Several TMDCs and Janus structures have highly symmetric
crystal struture with trigonal symmetry but strong effective
mass anisotropy, and we identify HfX2, ZrX2, and SnX2 (X
= S, Se) as the most interesting monolayers for anisotropic
transport applications already available in experiments. More-
over, new undiscovered structures with very low inter-layer
binding energy such as SbI3, AuSe, and ternary magnetic
compounds CrXY (X = Br, Cl; Y = O, S) display strong ef-
fective masses anisotropies.
Regarding the electronic polarizability, we also find a large
amount of anisotropic materials, nearly all being ternary com-
pounds of orthorhombic symmetry. In addition, some binary
compounds, mostly involving a transition metal and a halide
or a chalcogen, that are predicted to be easily exfoliable are
identified and listed in the text. Finally, we also identified ma-
terials with interesting infrared polarizability anisotropy val-
ues among a smaller set of candidates in the C2DB. The most
promising prospects for experimental realization are listed in
the text.
Among the materials with negative Poisson ratios (so-
called auxetic materials) identified in our study, we high-
light HgI2 and ZnCl2, which are both predicted as easily
exfoliable37, and MnTe, AgBr, and GeO2, which are predicted
to be stable in their monolayer form.
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